Despite the key role of F-aminobutyric acid (GABA) neurons in the modulation of cerebral cortical output, little is known about their development in the human cortex. We analyzed several GABAergic parameters in standardized regions of the cerebral cortex and white matter in a total of 38 human fetuses and infants from 19 gestational weeks to 2.7 postnatal years using immunocytochemistry, Western blotting, tissue autoradiography, and computer-based cellular quantitation. At least 20% of GABAergic neurons in the white matter migrated toward the cortex over late gestation. After term, migration declined and ended within 6 postnatal months. In parallel, the GABAergic neuronal density increased in the cortex over late gestation, also with a peak at term. From midgestation to infancy, the pattern of GABA A receptor binding changed from uniformly low across all cortical layers to high levels concentrated in the middle laminae; glutamic acid decarboxylase (GAD65 and GAD67) levels differentially increased. Thus, the second half of gestation is a period of rapid development of the cortical GABAergic system that continues into early infancy. This period corresponds to the peak window of vulnerability to perinatal hypoxia-ischemia in which GABAergic neurons are potentially developmentally susceptible, including in the preterm infant.
INTRODUCTION
The microcircuitry of the cerebral cortex depends on precise interrelationships between inhibitory F-aminobutyric acid (GABAergic) granular neurons and excitatory (glutamatergic) pyramidal neurons in columnar modules with region-specific connections (1) . Cognitive processing in turn involves modulation of excitatory events by inhibitory neurons, as well as a coordinated balance between excitation and inhibition maintained over a large range for many stimuli (1Y4). The axons of the GABAergic inhibitory neurons arborize within and across cortical columns; unlike pyramidal neurons, they do not typically project to distant subcortical sites. Yet, recent evidence suggests that a GABAergic subset in the cortex and white matter have projections that extend over long distances in adult rats and primates (5) . Although excitatory pyramidal neurons account for 70% to 85% of all cortical neurons and are relatively homogeneous, the small numbers of inhibitory neurons (16%Y30% of cortical neurons) display far more diverse morphologic, physiological, molecular, and synaptic characteristics (1, 6Y14) . Interneurons are mainly GABAergic (7, 10, 11, 14) . Interneuron diversity is postulated to provide sufficient sensitivity, complexity, and dynamic range for the inhibitory system to match excitation regardless of the intensity and complexity of the excitatory stimulus (1, 15) . During mammalian and particularly primate evolution, the number and complexity of GABAergic interneurons greatly increased relative to projection (glutamatergic) neurons (16) . These increases in the upper cortical layers (the hallmark of the human neocortex) suggest that GABAergic neurons are involved in sophisticated cognitive processing in humans. Indeed, Cajal (as cited by Hill and Walsh [16] ) proposed that ''the functional superiority of the human brain is intimately bound up with the prodigious abundance and unusual wealth of forms of the so-called neurons with short axons,'' that is, interneurons. During development, GABAergic interneurons play a role in the regulation of neuronal proliferation and migration during corticogenesis, as well as in the development of the cortical microcircuitry (17Y19) and the determination of critical periods (20) .
Limited human data suggest that GABAergic neurons migrate outward from the pallium of the dorsal telencephalon and ganglionic eminence across the intermediate zone of the white matter to reach their final addresses in the cerebral cortex (21, 22) . In addition, many middle-and late-born GABAergic neurons migrate radially inward from the marginal zone to the cortical plate (23, 24) . GABAergic neurons have been reported in the human cerebral white matter, (presumably via outward migration) as late as 31 gestational weeks (25) , but the precise timetable of the GABAergic migration to the cortex in human gestation and the developmental profile of the organization of GABAergic neurons within the overlying cortex are largely unknown.
In this study, we examined selected parameters of GABAergic development in the human cerebral cortex and the underlying white matter in the second half of gestation. We focused on this time frame because it is the peak window of vulnerability of the premature infant to cerebral white matter damage, that is, periventricular leukomalacia (PVL). This lesion could potentially destroy late-migrating GABAergic neurons in the deep white matter and adversely affect the GABAergic development of the overlying cortex, thereby impairing subsequent cognitive development in preterm survivors. Indeed, a decrease in the density of GABAergic neurons has been reported in the cerebral white matter in 10 preterm infants with white matter damage compared with 5 controls (25) .
We tested the overall hypothesis that the GABAergic system in the human cerebral cortex is structurally and neurochemically immature at midgestation and that it develops relatively lateVduring its second half of gestation. We determined the presence and analyzed the morphology of GABAergic neurons in fetal white matter using the immunomarker for glutamic acid decarboxylase (GAD), the key biosynthetic enzyme for GABA; the percent of white matter GABAergic neurons expressing doublecortin (DCX), a marker of postmitotic migrating neurons (26Y28); the density of GABAergic neurons in the overlying cortex; the cortical levels of the 2 isoforms of GAD (GAD65 and GAD67) by Western blotting; and the cortical binding patterns of the GABA A receptor by tissue receptor autoradiography.
MATERIALS AND METHODS

Clinical Database
Tissue samples from a total of 38 fetal and infant brains were obtained from the Departments of Pathology, Children's Hospital Boston, MA, and Brigham and Women's Hospital, Boston, MA, and the Maryland Developmental Brain and Tissue Bank. The cases had no clinical history of neurologic disease and no or minimal changes in the brain on standard neuropathologic examination. The tissues were variously processed depending on the procedure under analysis (Table 1) . Different sample sizes and tissue methods for different GABAergic parameters were used because not all procedures were possible in all cases owing to the lack of tissue availability.
Cortical samples from the frontal association cortex (inclusive of Brodmann areas 6, 8, 9, 10, 23, and 24) were fixed in 4% paraformaldehyde and processed for cell counting and immunocytochemical analyses (Table 1) . Cortical samples from the parietal association cortex at the level of the atrium of the lateral ventricle (inclusive of Brodmann areas 22 and 40) were frozen immediately at autopsy at j80-C for GABA A receptor autoradiography and Western blot analysis (Table 1) . Autopsy reports were reviewed for major clinical findings and systemic diagnoses. Cases with known disorders 
GABA, F-aminobutyric acid; GAD, glutamic acid decarboyxlase; GFAP, glial fibrillary acidic protein; MAP2, microtubule-associated protein-2. of cortical maldevelopment and/or neuronal migration disturbances were excluded. Age was expressed as postconceptional age (gestational age + postnatal age). Parental consent for research analysis was obtained in all cases, and the study was approved by the relevant institutional review boards.
Immunocytochemistry
Single-Label Immunocytochemistry
The paraffin-embedded cortical tissue samples were cut on a conventional microtome at 5 Km. Serial sections were deparaffinized and rehydrated with xylene and ethanol gradient. We identified GABAergic interneurons in tissue sections with antibodies to GAD65/67 and the GABA A receptor subunits GABA A >1 and GABA A >3 (29Y34) ( Table 2) . Cells undergoing programmed death were identified with an antibody to active caspase 3 ( Table 2) . Antigen retrieval was performed in sodium citrate buffer (pH 6.0) for 20 minutes in 199-F in a microwave. The sections were incubated in peroxidase blocking reagent (S2-1; DAKO, Carpinteria, CA) for 10 minutes at room temperature (RT) to reduce the endogenous peroxidase activity. Nonspecific staining was blocked by incubating sections in Tris-buffered saline (TBS) with 0.1% Tween-20 (Sigma-Aldrich, St. Louis, MO) (TBST, pH 7.4) containing 10% normal goat serum for 2 hours at RT. Primary antibody incubations were performed overnight at 4-C. After 2 washes (5 minutes each) in TBST, the sections were incubated in biotinylated goat anti-rabbit IgG secondary antibody (1:100 in TBS, VECTASTAIN ABC Kit; Vector Laboratories, Burlingame, CA) for 1 hour at RT. After 2 washes in TBST, the sections were incubated for 1 hour at RT in avidin-biotin solution (Vector Laboratories) (1:100 in TBS) followed by diaminobenzidine detection. A control for GAD65/67 antibody was performed; tissue sections were incubated with primary antibody preabsorbed with a saturating concentration of the target peptide from which the antibody was produced (Invitrogen, Carlsbad, CA). No immunostaining was observed after preabsorption (35) . Analysis of immunostaining was with a standard light microscope.
Double-Label Immunocytochemistry
Tissue was processed as above and sections were incubated with antibody to GAD65/67, glial fibrillary acidic protein (GFAP), microtubule-associated protein 2 (MAP2), or DCX. Double labeling was performed with GFAP to exclude the possibility of the expression of GAD65/67 by astrocytes; the neuronal marker MAP2 was used to confirm the neuronal phenotype of the GAD65/67Yimmunopositive cells (31) . Double-label immunocytochemistry was performed with DCX to determine if the GAD65/67 cells were in the process of migration as DCX is an immunomarker of postmitotic migrating neurons (26Y28). Fluorescence was detected with Alexa Fluor donkey anti-rabbit 594 and Alexa Fluor donkey anti-goat or donkey anti-mouse 488 (1:1000; Molecular Probes, Eugene, OR). Negative controls omitted the primary antibodies. Immunofluorescence was visualized with an Olympus BX51 microscope (Olympus America, Inc, Melville, NY) using f luorescein isothiocyanate and tetramethyl rhodamine isothiocyanate filters, images were captured by a CoolSNAP fx camera (Photometrics, Tucson, AZ) and then exported to computer software (MCID Elite 6.0; Imaging Research, Inc, Mississauga, Ontario, Canada).
Computer-Based GABAergic Cell Quantitation
The densities of GAD65/67Yimmunostained cells were determined in the frontal association cortex and underlying white matter in 1) ventricular/subventricular zone, 2) white matter from the subventricular region to the subplate region, 3) the subplate proper directly underneath the cerebral cortex, and 4) Layers I to VI (Fig. 1) . For all regions, computer-based methods were used with Neurolucida version 6.02.2 (Microbrightfield, Inc, Williston, VT). For white matter GABAergic analysis, only tissue sections that spanned the entire distance from the ventricular/subventricular zone to the border of the cerebral cortex were used. The boundary of the entire section and the counting area of the white matter were traced at low magnification (Â4) with Neurolucida. The white matter was divided into 5 grid boxes with a width of 600 to 700 Km and labeled progressively from 1 to 5. The 5 regions analyzed beneath the cerebral cortex were subventricular/ventricular region (Box 1), periventricular white matter (Box 2), deep white matter (Box 3), central white matter (Box 4), and subplate (subcortical) region (Box 5) (Fig. 1 ). We performed cell counts in 1 section/case for boxes 1 to 5 because, in a pilot study, cell counts in each of 4 adjacent sections showed a high correlation (correlation coefficient 0.82), with no significant differences in cell density (p = 0.30) between sections using analysis of variance (ANOVA) to test for differences between sections (data not shown). For the cerebral cortex, a grid-counting procedure was used based on modifications from Benes et al (36, 37) in the human adult cortex and in the developing human cortex (31) . The counting grids were placed over the same region in each of 3 serially sections sampled that were separated by 10 Km. Of note, pilot analysis of cortical cell counts in the frontal association cortex demonstrated significant differences in GABAergic neuronal density in each lamina between sections (ANOVA, p 9 0.05), thereby underscoring the need for determining the mean from more than 1 section/case (data not shown). The cerebral cortex in the frontal association cortex was divided into 6 laminae based on cytoarchitectonic features, with a rectangular box encompassing each lamina ( Fig. 1) (31, 36, 37) . GABAergic neurons were counted in each of the 5 white matter grid boxes and/or 6 laminae at high magnification (Â20). The GABAergic neuronal densities in white matter and cortex were calculated by dividing the number of cells by the box area (mm 2 ) and expressed as neurons per squared millimeter mm 2 . The mean GABAergic neuronal density and standard error in each cortical laminae in the 3 sections sampled was calculated. As an additional assessment of the potential effects of rapid growth of the cerebral cortex on putatively changing GABAergic neuronal populations with development, we used the thickness of the cortex at the site of the GABAergic cell density measurement as a ''correction factor'' for cortical growth. We measured the section thickness in millimeters with the Neurolucida tool, ''quick measure,'' and divided the mean cortical GABAergic cell density by the section width in mirometers at each postconceptional age analyzed. Statistical tests in all analyses were performed using SAS version 9.2 (SAS Institute, Inc, Cary, NC) with p G 0.05 considered significant. To model simultaneously the age effect and spatial distribution (over boxes) of GABAergic neuronal density in the white matter, a repeated-measures regression model was used, with multiple boxes per case. The best fit was a cubic effect of age and a quadratic effect of spatial distribution (boxes). Loess curves (38) with 95% confidence intervals were fit to model changes in GABAergic neuronal density with age in the cortex and white matter. Loess curves are nonparametric smoothed curves, for which confidence intervals are plotted to determine the variability surrounding the shape of the curve (38) . They are often used when data cannot be fit by a parametric model such as linear or quadratic. The confidence interval around the curve gives the measure of variability (38) . A ''flat'' confidence interval indicates that the variability in the data is high such that a ''shape'' to it is not clearly seen; when the confidence interval follows the trend of the curve, there is reasonable confidence as to the shape of the curve.
Migrating GABAergic Neurons in the Developing White Matter
Because double-labeling observations necessitate the use of the florescent microscope in our laboratory, we were unable to apply Neurolucida (dependent on nonflorescent microscopy) for cell counting of GABAergic neurons coexpressing DCX with the grid system. Thus, a different counting approach was used in which the GAD65/67Ypositive cells with or without DCX coexpression in the periventricular and central white matter (the same areas sampled by the grid approach) were counted in 5 to 10 high-power fields (Â40). Because GABAergic neurons are rare in the white matter at midgestation and postnatally in fields analyzed at Â40 magnification, the particular field was selected by their visual presence and not randomly; however, no field was selected based on the presence of DCX expression. Of note, the areas counted were smaller than those counted with the grid system to determine the overall density of GABAergic neurons in the white matter. The percent of migrating GABAergic neurons of the total GABAergic neurons in the 5 to 10 highpower fields was calculated by dividing the DCX and GAD65/ 67 double-labeled cells by the total GAD65/67Ypositive cells (with and without DCX expression) in each field. The mean percent of the values from 5 to 10 high-power fields was calculated for each case. The cases (n = 12) were divided into 3 age groups: fetal (G37 postconceptional weeks; n = 4), term (37Y42 postconceptional weeks; n = 4), and infant (942 postconceptional weeks; n = 4). Statistical analysis involved an ANOVA model by age group.
GABAergic Neuronal Size in the Developing Cerebral Cortex
To determine the size of the GABAergic neurons in the cerebral cortex, GAD65/67Yimmunopositive neurons with distinct nuclei were randomly selected from Layer IV in the frontal associative cortex, and the longest cytoplasmic diameter of 10 GAD65/67Yimmunopositive neurons was measured with the Quick measure line tool (Neurolucida software version 6.02.2). The size of the GABAergic neurons in each age group reflected the mean size of the individual cases with the SD provided. The statistical analysis treated age as a continuous variable; thus, the model produced a single p value without comparisons between age groups, although the data are presented as bar groups binned by age.
GAD65 and GAD67 Levels in the Developing Cerebral Cortex
Western blot analysis was used to measure levels of GAD65/67 on frozen tissue samples from the parietal association cortex. The samples were homogenized to a final concentration of 10% weight per volume, and a modified Lowry method was used for protein quantification (39) . After separation with SDS-PAGE, proteins were transferred eletrophoretically to an Immunology-P membrane (Millipore, Bedford, MA), overnight, and incubated with GAD65/67 antibody (Table 2 ) at a concentration of 1:10,000. The 65-and 67-kd bands were detected using a goat anti-rabbit IgG horseradish peroxidaseYconjugated secondary antibody (1:10,000; Bio-Rad, Hercules, CA), followed by Chemiluminescence ECL (Perkin Elmer, Waltham, MA), and quantified from densitometry bands (MCID Elite 6; Imaging Research), standardized to adult cortex tissue run on the same gel. Values were expressed as a percentage to the adult standard. Loess curves (38) were fit to model changes in GAD65 and GAD67 expression levels in the cerebral cortex with age.
GABA A Binding in the Developing Cerebral Cortex
Tissue sections at 20 Km sectioned on a Leica motorized cryostat were prepared from frozen blocks of the parietal association area. Total GABA A receptor binding was determined by incubation of 2 unfixed slide-mounted tissue sections in 50 nmol/L 3 H-GABA (Perkin Elmer) for 20 minutes at RT (35) . Tissue sections were preincubated in 50 mmol/L Tris-HCl (pH 7.4) containing 100 Kmol/L baclofen (GABA B agonist) for 45 to 60 minutes at RT. Nonspecific binding in 1 tissue section was determined by addition of 100 Kmol/L isoguvacine to the solution. After the incubation, the sections were washed in 50 mmol/L Tris-HCl (pH 7.4) for 10 seconds. The sections were then rinsed in ice-cold water for 10 seconds before drying in a warm stream of air. Tissue sections were placed in cassettes and exposed to 3 H-Hyperfilm (Amersham, Buckinghamshire, UK) for 8 weeks at 4-C with a set of tissue equivalent (KCi/g) 3 H standards (Amersham) for conversion of optical density of silver grains to femtomoles per milligram of tissue to determine GABA A binding. Quantitative densitometry of autoradiograms was performed using a MCID 5+ imaging system (Imaging Research).
Receptor binding was measured in 7 defined rectangle boxes (taken from 2 specific binding sections) laid over the entire thickness of the cortex from the pial surface to the graywhite matter junction. The binding was expressed as the mean of the 7 measurements at each percent of the distance from the pial surface to the gray-white matter junction, thereby providing the spatial distribution of binding levels across the layers of the cerebral cortex from superficial to deep, as well as absolute binding levels. Thus, 0% from the pial surface was the superficial border of Layer I, 100% was Layer VI at the junction with the underlying subplate region, and the middle Layers III and IV are around 50% from the pial surface. To model simultaneously the effect of age on the levels and the spatial distribution of GABA A receptor binding, we used a multistage process. First, models were fit to each individual case to determine the shape of the spatial distribution; a cubic model was generally a good fit and was therefore used in the final model. Next, the effect of age was modeled at 3 different spatial locations (i.e. at both ends and in the middle of the cortex); ultimately, a log transformation of age was found to produce a linear fit. The final evaluation involved a repeated measures regression model with an interaction term to test for differences in the spatial distribution over time (age). Postmortem interval was not included in the analysis because we found that it had no significant effect on binding levels (data not shown).
RESULTS
GABAergic Neurons in the Developing White Matter
We analyzed the density and distribution of GABAergic neurons in the frontal lobe white matter in 18 cases ranging in age from 26.5 gestational weeks to 2 postnatal years. There were 4 morphologic subtypes of GAD65/67Yimmunopositive neurons in the white matter: 1) small round granular neurons with negligible cytoplasm and no dendritic processes, 2) oval unipolar neurons with a single process, 3) oval bipolar neurons 2 oppositely aligned processes, and 4) relatively large multipolar neurons with round abundant cytoplasm and more than 3 dendritic processes (Fig. 2) . The neuronal phenotype of these GABAergic cells was confirmed by their coexpression with the neuronal marker MAP2 (Fig. 3) . They did not coexpress the astroglial marker GFAP, thereby excluding GABAergic expression by astrocytes (Fig. 3) . Granular, unipolar, and bipolar neurons were present in all areas of the white matter from the ventricular/subventricular zone to the subplate region. The multipolar neurons were observed more frequently in the subplate region than in the deeper zones and were not identified in the ventricular/subventricular zone. GABAergic granular neurons were noted in the subventricular/ ventricular zone as well as all other regions, including the subplate. At the ventricular/subventricular zone (Box 1), all white matter sites (Boxes 2Y4), and subplate region (Box 5), the GABAergic neuronal density significantly increased with age, peaked around term, and decreased thereafter (p G 0.001 for a cubic effect of age, while controlling for a quadratic effect of box) (Fig. 4) . However, this change was less marked in the subplate region (Box 5) compared with the underlying regions (Fig. 4 ). There were no significant effects of postmortem interval on cell density measurements.
In the nongrid analysis of migrating GABAergic neuronal density in the periventricular and central white matter, coexpression with DCX demonstrated the migrating phenotype of a subpopulation of the GABAergic neurons. This subpopulation was composed of small cells with 1 to 2 delicate trailing processes (Fig. 5) ; the GABAergic neurons that were DCX-immunonegative tended to be larger with intense labeling for GAD65/67 (Fig. 5) . The percent of GABAergic neurons in the white matter that were migrating (i.e. coexpressed DCX) was 17.8% in the late fetal period and 20.7% at term, with a precipitous decline after birth to 1.5% (Figs. 5,  6 ). In the 3 cases 6 postnatal months or older, no migrating GABAergic neurons were detected (Fig. 6) . The change in the percent of migrating GABAergic neurons with age was significant (p = 0.004, ANOVA); post hoc analysis revealed significant differences between combined fetal/term versus infant cases but no significant difference between the fetal and term cases. There was no significant effect of postmortem interval when included in the model with age.
GABAergic Neurons in the Developing Cerebral Cortex
Marked changes occurred in the developmental profile of GABAergic neurons in the cerebral cortex from midgestation through infancy in the frontal association cortex. At midgestation, only rare GABAergic neurons were detected in the cortex, in contrast to a heavy concentration of these neurons at term (Fig. 7) . After term, there was an obvious decrease in neuronal density with increasing age to 2 postnatal years (Fig. 7) . Migrating GABAergic (GAD65/67Ypositive, DCX-positive) neurons were scattered in the overlying cortex during gestation and around term without a distinct laminar pattern; they were not detected in the cortex after the neonatal period (Fig. 6) . To examine the possibility that the decrease in neuronal density after term birth reflected programmed cell loss due to apoptosis, we examined the cortical expression of caspase 3, an immunomarker of apoptosis (40) , but found essentially no caspase 3Yimmunopositive cells at any age in the cerebral cortex (data not shown).
Developmental changes in GABAergic neuronal density were age-and layer-specific in the frontal association cortex in a total of 16 cases ranging in age from 27 gestational weeks to 2 postnatal years. Overall, the neuronal density in Layers I to VI increased through the second half of gestation, peaked around term, and decreased in infancy (Fig. 8) . The Using the width of the cerebral cortex in mm as a correction factor for the development of cerebral cortex during the study, the same developmental pattern of an increase in GABAergic cell density during the last half of gestation with a peak at term and decline thereafter is present (as demonstrated for Layer V in the frontal association cortex) (A) in parallel with a continuous increase in cortical width at the same site, with the most rapid increase from midgestation until approximately 3 postnatal months (B).
GABAergic cell density in Layers II to V increased 88% to 100% from midgestation to term; after term the density decreased from the peak by 69% to 83% (Fig. 8) . GABAergic neurons were unevenly distributed across the cortical layers at all ages (Fig. 8) ; their density was highest in the upper laminae such that the density was 140 to 200 cells/mm 2 in Layers II to IV versus 98 to 120 cells/mm 2 in Layers V to VI. The lowest neuronal density at all ages was in Layer I (Fig. 8) . Using the width of the cerebral cortex as a correction factor for the development of cerebral cortex over time, the same developmental pattern of an increase in GABAergic cell density across the last half of gestation with a peak at term and decline thereafter was present in parallel with a continuous increase in cortical width at the same site (Fig. 9) . Of note, the cortical thickness increased most rapidly from midgestation until approximately 3 postnatal months, with a steady rise thereafter (Fig. 9 ).
There were dramatic changes in GABAergic morphology and cell size in the fetal and infant cortex across development. At midgestation, GABAergic neurons were small and round with scant cytoplasm (Fig. 10) ; at term to 3 postnatal months, they appeared multipolar with distinct processes (Fig. 10) . From 5 months onward, they had an adult morphology with large, oval shape without obvious processes (Fig. 10) . At 5 postnatal months, there was abundant punctuate GABAergic immunostaining in the neuropil, the site of dendritic processes, spines, and axonal terminals. There was a continual increase in cell diameter with age in the frontal cortex (n = 19), with a higher rate of increase during the fetal compared to term period and a lower rate (but continued increase) in infancy (quadratic regression model, p G 0.001) (Fig. 10) . The mean diameter of the GABAergic neurons was 5.3 T 0 Km at 23 gestational weeks, 9.9 T 0.4 Km at term, and 15.0 T 0.2 Km at 2 postnatal years, representing a total 183% increase in size during the period studied (Fig. 10) . This increase in cell diameter was statistically significant (p G 0.001). There was no significant effect of postmortem interval on cell diameter.
GAD65/67 Expression Levels in the Developing Cerebral Cortex
We performed Western blot analysis to determine the developmental profile of GAD65 and GAD67 expression in the parietal association cortex in 8 cases ranging in age from FIGURE 11 . Different expression profiles of glutamic acid decarboxylase 65 and 67 (GAD65 and GAD67) isoforms in the parietal cortex in the human fetus and infant. (A) In Western blots, the 2 main bands (arrows) are 67 and 65 kDa, representing the GAD67 and GAD65 isoforms, respectively. Expression levels are expressed as a percent of a pooled human adult standard. (B, C) Developmental expression profiles of GAD65 and GAD67 are illustrated by Loess curves; the best curve fit in the middle line is surrounded by the 95% confidence intervals. GAD65 expression (B) dramatically increases from term to 6 postnatal months at which time it reaches a plateau at 95% of the adult standard. GAD67 expression increases with age from negligible levels at 21 gestational weeks to 90% at 2.7 postnatal years (C).
21 gestational weeks to 2.7 postnatal years. There were 2 main bands detected that correlated with the known molecular weight of 65 kd and 67 kd for the GAD65 and GAD67 isoforms, respectively (Fig. 11) . The Loess curves for GAD65 and GAD67 expression levels showed different developmental profiles for these isoforms (Fig. 11) . The expression of GAD65 was less than 10% of the adult standard during the last half of gestation, increased 10% around 40 postconceptional weeks, and dramatically increased to approximately 85% of the adult standard between 45 postconceptional weeks and 6 postnatal months, with a plateau thereafter. The expression of GAD67 was less than 5% of adult standard up to term, then increased more gradually after term, and did not reach 80% of the adult standard until 13 postnatal months.
GABAergic Receptors the Developing Human Cerebral Cortex
The cellular localizations of the >1 and >3 subunits of the GABA A receptor were determined by immunocytochemistry in the frontal association cortex of 8 cases ranging in age from 25 gestational weeks to 2 postnatal years. The intensity of the immunostaining for both subunits was low in the fetal and term cortex but increased around 5 postnatal months. At this age, the immunostaining was intense and punctuate on the somata and dendrites of both pyramidal and granular neurons in all laminae (Fig. 12) . A transition from soma to dendritic immunostaining appeared around 6 postnatal months.
We analyzed GABA A receptor binding with tissue section autoradiography in the parietal association cortex in 11 cases ranging in age from 19 gestational weeks to 2.7 postnatal years. The binding of GABA A receptors was uniformly low (G100 fmol/mg tissue) across all laminae from 19 to 20 weeks (Fig. 13) and corresponded with the low intensity of immunostaining for the >1 and >3 subunits in this period (see above). Absolute binding began to increase in the middle layers by 24 weeks (100Y200 fmol/mg tissue) and remained low in the superficial and deep layers (Fig. 13) . At 34 to 36 weeks and into infancy, a curve with higher binding in the middle layers (200Y400 fmol/mg tissue) became increasingly pronounced. Thus, in the plots of the spatial distribution of the cortical binding, the pattern changed from arelatively flat line to a definite curve with higher absolute levels in the middle layers (Fig. 14) . The developmental changes in both binding levels and spatial distribution were highly significant (p G 0.001) for both the effect of age and its interaction with spatial distribution.
DISCUSSION
The major finding of this study is that the GABAergic system in the human cerebral cortex and white matter develops relatively late, that is, during the second half of gestation and into infancy. This late development parallels the peak window of vulnerability to perinatal brain injury, including in the preterm infant. This GABAergic development may, therefore, be at particular risk to the hypoxic-ischemic and other metabolic and inflammatory insults that complicate prematurity and neonatal intensive care (41) . This possibility is supported by the previous report of decreased GABAergic neurons in the cerebral white matter in preterm infants with white matter damage (25) . Given that GABAergic neurons in the subventricular region, white matter, subplate, and cortex have all been implicated in developmental processes, including neuronal migration and differentiation (17Y20, 42), injury to any or all of them in the preterm and full-term infant may disrupt cortical formation in early life and compound the primary destructive processes. Here, we found a complex and rapidly changing profile in the development of different 
FIGURE 15. Summary of developmental profiles of different
F<aminobutyric acidergic (GABAergic) parameters relative to each other in the human cerebral cortex and white matter in the fetus and infant. Rapid and dramatic changes occur from midgestation into infancy with marked increases and intersecting decreases in the developmental trajectory of the structural and neurochemical components of the GABAergic system. These rapid changes define a critical period in the development of this system, which is therefore likely to be susceptible to injury. GAD indicates glutamic acid decarboxylase; PVL, periventricular leukomalacia.
GABAergic parameters, as summarized in the schematic diagram in Figure 15 . Aspects of this profile are highlighted in the following discussion.
Late Migration of GABAergic Neurons
Cortical formation depends on the proliferation and migration of glutamatergic and GABAergic neurons from different germinal zones according to different time tables (43, 44) . Glutamatergic neurons form in the dorsal telencephalic pallium and migrate along radial glia fibers early in gestation (42Y46). In the human brain, approximately two thirds of GABAergic neurons arise from the dorsal telencephalic zone; the remaining third originates in the ganglionic eminence and migrate tangentially to the cortex (21, 22) . In mice and rats, GABAergic interneurons also migrate radially inward from the marginal zone to the cortical plate (23, 24) . Our combined cortical (Layers IYVI) and white matter data suggest that human GABAergic neurons migrate into the cerebral cortex via the white matter throughout the second half of gestation and become ''fixed'' in number around birth; migration seems to decline after birth and completely cease by 6 postnatal months (Fig. 15) . Even with correction for the increasing width of the cortex, the density of cortical GABAergic neurons increases over the last half of gestation, peaks at term, and declines thereafter, a progression of events visually striking on microscopic examination. The demonstration of an increase in GABAergic neuronal density before term birth suggests that the GABAergic number increases in greater proportion relative to the known increasing cortical volume. Hence, the increased neuronal number is likely due to increased migration of GAD67/65Yexpressing neurons into the cortex across the second half of gestation and/ or increased expression of GAD67/65 expression in neurons destined to be GABAergic that are already in the cortex. On the other hand, the decrease in GABAergic cell density in the cerebral cortex from term into infancy suggests that there is a programmed loss of neurons (which we consider unlikely due to the lack of caspase 3 immunostaining across this age in the cortex) or, alternatively, an increase in neuropil (reflecting dendritic and/or axonal arborization and/or increased synaptogenesis and thereby cortical volume) relative to a constant cell number. Our finding that the upper layers of the cortex (Layers IIYIV) have a higher density of GABAergic neurons than the deeper layers (Layers VYVI) is consistent with the concept that these upper layers contain the greatest density of interneurons in the highly evolved human cortex (16) .
Importantly, we found that at least 20% of the GABAergic neurons migrate to the cortex into late gestation and continuing to term, as determined by coexpression with DCX. This period is 9 weeks longer than that suggested in the white matter for 5 fetuses analyzed previously between 26 and 31 postconceptional weeks (25) . It is possible that 20% is an underestimate given that other markers, such as Lis (26) , are expressed in migrating populations of cells that are DCXnegative. For the same reason, it is also possible that GABAergic migration may extend beyond term. Further analysis of other migration markers is needed to exclude these possibilities. The presence of GABAergic granule neurons in the human ventricular/subventricular zone suggests that the GABAergic phenotype is expressed in germinal zones before migration. In experimental animals, GABAergic neurons at this site influence their own differentiation into unipolar and bipolar neurons by the release of GABA in a paracrine manner (17) . Their presence in the human ventricular/subventricular zone as late as 1 postnatal year suggests that GABAergic neurons could arise from this germinal zone well after the fetal period.
The question arises as to what the functions are of most GABAergic neurons in the white matter and the subplate that seem not to be migrating, that is, those white matter neurons that are GAD65/67Ypositive and DCX-negative. Our finding that the GABAergic neuronal density in the subplate region (Box 5) does not dramatically change from midgestation through infancy suggests that GABAergic neurons may become relatively ''fixed'' at this site by midgestation. Thus, these nonmigrating GABAergic neurons may be an integral part of the transient subplate zone and play a critical role in the establishment of connections between the cortex and thalamus (47, 48) . In humans, the subplate peaks around 24 to 36 gestational weeks, with a programmed loss of most of its neurons in the first postnatal year (47, 48) . In animal models, GABAergic neurons in the subplate are thought to function in local circuits at the stage when thalamocortical axons form transient synaptic contacts before innervating the cortical plate (49) . These nonmigrating GABAergic neurons may also form part of a permanent population that persists in the subplate and white matter into adulthood to influence mature cortical function (49Y51).
Differentiation of the GABAergic System in the Developing Human Cerebral Cortex
We found that the relative density of human GABAergic neurons varies among different laminae from midgestation into infancy, as demonstrated in the frontal association cortex. It is well recognized that the density of neurons varies across different functional areas of the cerebral cortex, as indicated as the defining features of neuronal density and relative proportions of pyramidal and granular neurons for Brodmann areas. Monkey studies indicate that the relative proportion of GABA neurons in vertical columns among cortical areas is also different (52, 53), but we did not address this issue here. GABAergic interneurons vary greatly in their somatic, dendritic, and axonal morphologies (54) and are further subdivided by the differential expression of calciumbinding proteins and neuropeptides (55, 56) . The subclassification of GABAergic neurons based on morphology, calcium-binding proteins, and neuropeptides was beyond the scope of this study. We found, however, that the morphology of GABAergic neurons changes from small granular to multipolar to large granular during the last half of gestation and into infancy. In parallel with changes in GABAergic neuronal density and size, there were changes in expression levels of the enzymatic isoforms GAD65 and GAD67. GAD67 is widely distributed in cell bodies where it is thought to be involved in GABA synthesis for general metabolic activity (57); GAD65, on the other hand, targets membranes and nerve endings where it is involved in synaptic transmission (57Y59). We found that the increase in GAD expression levels in the human cortex begins before birth but continues well beyond term. Notably, the increase in GAD65 is most rapid in the postnatal weeks after the peak in GABAergic cell density (Fig. 15) . The continued GAD expression suggests progressive GABA production by the fixed population of GABAergic neurons as the neuropil (dendrites, spines, and axonal terminals) expands and GABAergic connectivity matures.
From midgestation through infancy, GABAergic differentiation is further characterized by changes in GABA A receptors (Fig. 15) . We focused on the GABA A receptor in this study because it mediates the major fast inhibitory action of GABA (1, 60) . GABA A receptors are both presynaptic and postsynaptic and are found on both glutamatergic pyramidal neurons and GABAergic interneurons (61, 62) ; they are also present on white matter neurons in the human fetus (25) . We found that >1 and >3 GABAergic receptor subunits localize to the somata of both pyramidal and granular neurons in the term cortex and are concentrated on somata and dendrites in both neuronal subtypes thereafter, with a peak in dendrites around 6 postnatal weeks. From the late fetal period onward, tissue receptor autoradiography of the parietal association cortex demonstrated an absolute increase in GABA A binding levels with a change in the profile of binding from uniform across all layers to a curved pattern with a binding peak in the middle layers. The increase in binding during the second half of gestation may reflect the increase in density in GABAergic neurons with the emergence of presynaptic and/ or postsynaptic GABA A receptors (Fig. 15 ). Yet, after the number of GABAergic neurons is putatively fixed at term, there is a continued increase in binding levels with concentration in the middle layers. The rise in receptor binding density in the middle layers that begins in late gestation occurs simultaneously with an overall (prenatal) increase and (postnatal) decrease in GABAergic cell density in all layers. The increase in the absolute values of GABA A receptor binding and its concentration in the middle layers, including Layer IV, with increasing age may reflect changes in the neuropil and the ingrowth of thalamocortical fibers during this period and a parallel upregulation of inhibitory (GABAergic) modulation to counterbalance the presumed increase of glutamatergic inputs. Direct synaptic contacts between thalamocortical axonal terminals and cortical GABAergic neurons have been demonstrated in this regard (13) .
The developmental role of chloride transporters in the developing function of GABA A receptors must be considered relative to the changes in GABA A receptor binding. Early in development, GABA A receptors seem to be excitatory because of the high intracellular chloride content as determined by the balance of chloride transporters. In immature neurons, the intracellular chloride concentration is higher than the extracellular concentration, and GABA A activation leads to an efflux of chloride ions which results in depolarization, an effect attributed to the sodium-potassium-chloride cotransporter 1 (NKCC1), a chloride importer (63Y65). In mature neurons, however, activation of GABA A receptors hyperpolarizes neurons by causing chloride influx, an effect attributed to the increased expression of the chloride exporter potassium-chloride cotransporter 2 (KCC2) (65Y67). In the human cerebral cortex, the expression of NKCC1, as determined by Western blotting, rapidly increases from 20 gestational weeks to term and then dramatically decreases, reaching a plateau after 4 postnatal months (68) ; the expression of KCC2, on the other hand, increases from 20 gestational weeks to adulthood (68) . Combining our data with these reported human observations concerning chloride cotransporters, GABA A receptors are likely to be immature and excitatory during late gestation and to switch to an inhibitory phenotype during the first postnatal year, after the surge in the absolute levels of GABA A receptor binding in the second half of gestation (Fig. 15) . Of note, a loss of expression of both NKCC1 and KCC2 in the subplate and white matter has been reported in preterm infants with white matter damage (69) .
Potential Study Limitations
A potential limitation of our study is the nature of the control (baseline) population. This population is composed of autopsied infants who were critically ill before death and thus may not be truly representative of healthy living infants. This limitation relates to the fact that ''normal'' preterm brains at autopsy are extraordinarily rare, if nonexistent, because healthy preterm infants do not die, and preterm infants rarely, if ever, die in pediatric health care centers without intensive care and terminal metabolic derangements, including hypoxia-ischemia. Nevertheless, within these constraints, we have selected for analysis tissue samples from fetuses and infants without neurologic signs or, most importantly, neuropathologic abnormalities at autopsy.
A second potential limitation of the study is the use of a nonstereological method for assessing GABAergic neuronal density in the developing human cerebral cortex. The ''optimal'' methodology of cell counting in the human cerebral cortex is intensely debated, with proponents for 3<dimensional approaches (stereology with optical dissector techniques) (70Y72) and those advocating 2-dimensional approaches (36, 37) . Each approach has its own strengths and weaknesses, as well as inherent biases (36) . Consequently, the selection of a particular method depends on the goals, use of immunocytochemistry (not recommended for stereological counts) (73) , tissue availability, and financial and technical resources of a particular study (substantial for stereological procedures) (36) . It should be noted, however, that the 2-and 3-dimensional methods can provide comparable results concerning neuron counts, including in the human cerebral cortex (37) . In the present study, we modified the 2-dimensional sampling method of Benes et al (36, 74) , using immunocytochemical preparations with an antibody to GAD67/ 65 to identify the GABAergic phenotype; we applied a computer-based grid system with a large (600Y700 Km) x-y sampling frame in which we determined the mean density of GABAergic neurons in each laminae based on 3-step sections, as opposed to a single section. We did not seek to determine absolute GABAergic neuron number in the baseline cases across development in this study but, rather, relative differences in cell density (number of neurons/unit volume) with increasing age. Thus, our focus on relative as opposed to absolute changes is a justification for the modified 2-dimensional as opposed to 3-dimensional method, the latter putatively preferable for absolute measures. In our opinion, the validity of this modified 2-dimensional sampling procedure is reinforced by appreciation that the GABAergic neuronal density measurements accurately reflect the changes we observe directly under the microscope, that is, in multiple tissue sections across ages, we observed directly that the density of GABAergic neurons obviously increases until around term and then decreases thereafter. Thus, the modified 2-dimensional sampling procedure captured our qualitative observations.
